Heterogeneity in polydnavirus DNA was exploited as a means of following the transmission of viral genomes in parasitoid populations. Parasitoid lines isogenic for viral DNA markers were established from both a braconid (Cotesia melanoscela) and an ichneumonid (Hyposoter fugitivus) species. In crossing experiments these markers routinely segregated in Mendelian (chromosomal) fashion, suggesting that the structure of polydnavirus genomes is probably determined by the integrated form of viral DNA, rather than by extrachromosomal molecules.
Introduction
The polydnaviruses (Stoltz et al., 1984) represent a newly recognized group of viruses, distinguished principally by having polydisperse, double-stranded, circular DNA genomes (Krell & Stoltz, 1979 , 1980 Krell et al., 1982; Stoltz et al., 1981) . Thus far, such viruses have only been found within certain groups of parasitic hymenoptera. Virus particles replicate only in the wasp ovary and are subsequently secreted into the oviducts, from where, during oviposition, virus is injected into host larvae along with parasitoid eggs (Stoltz & Vinson, 1979) . In the case of a polydnavirus (CsV) from the ichneumonid wasp, Campoletis sonorensis, transcription of at least part of the viral genome occurs in host larvae in the apparent absence of viral replication (Blissard et al., 1986 (Blissard et al., , 1989 Fleming et al., 1983; Theilmann & Summers, 1988) ; preliminary data suggest that the same holds true for a braconid polydnavirus from Cotesia melanoscela (Stoltz et al., 1988) . It is now generally assumed that one or more viral gene products may contribute to the development of an immunosuppressive state, thus allowing parasitoid eggs and larvae to survive in what might otherwise constitute a hostile environment (Blissard et al., 1989; Stoltz & Vinson, 1979; Stoltz et al., 1988) . The abolition of immunosuppressive activity after psoralen crosslinking of viral genomes in situ lends strong support to this assumption (Guzo & Stoltz, 1987; Stoltz & Guzo, I986) .
Since polydnavirus replication occurs in the ovaries of all females, it can reasonably be assumed that the transmission of such viruses occurs vertically through germ line tissue and, in fact, previous experimentation would seem to rule out other possibilities (Stoltz et al., 1986) . In further support of this argument, Fleming & Summers (1986) have provided evidence to the effect that CsV DNA may be integrated into parasitoid chromosomal DNA. However, extrachromosomal viral DNA has also been observed both in CsV (Fleming & Summers, 1986) and in other species (Stoltz et al., 1986) , so it is conceivable that viral genomes could be transmitted within parasitoid populations in either chromosomal or extrachromosomal form, or both. This question has some significance, since maintenance and regular germ line transmission of extrachromosomal DNA is known to occur in some systems (e.g. Rassoulzadegan et al., 1986) . In an attempt to resolve this point, the present study employed a genetic approach, using different populations within single parasitoid species. An example of this was introduced in a previous publication (Stoltz et al., 1986) , in which it was shown that C. melanoscela males could transmit viral DNA to F1 progeny, although the physical nature of the transmitted DNA was not determined. The present study was aimed in particular at excluding the involvement of extrachromosomal DNA in the productive transmission of polydnavirus genomes. Given that certain assumptions are valid (see below), the observations obtained during the course of this study would appear to rule out meaningful participation of extrachromosomal DNA in virus transmission, in turn suggesting that polydnavirus genomes are transmitted and maintained as a consequence of chromosomal integration.
Methods
A fundamental requirement for this study was the availability of distinctly different parasitoid lines, preferably isogenic for one or more obvious DNA polymorphisms. Initial work involved a search for polymorphism in viral DNAs taken from different geographical 0000-9306 © 1990 SGM populations of C. melanoscela wasps; parasitoids were available from Korea, Connecticut, Newfoundland, and Truro, Nova Scotia (designated Ko, Ct, Nf and Tr, respectively). Preliminary observation revealed the existence of considerable heterogeneity both between and within all such populations and none were initially isogenic for any of several polymorphisms identified. Thus it became necessary to establish parasitoid colonies that were isogenic for those DNA polymorphisms deemed to be potentially most useful (i.e. most readily resolved after electrophoresis) for the purposes of genetic experimentation. Four such lines (one from each of the Nf, Ct, Ko and Tr C. melanoscela populations) were established by mating females with their own sons, followed by repeated back-crossing for as many times as was necessary in order to isolate appropriate lines. Most of the data reported here were derived from crosses involving the Ct-1 and Tr-9 lines of C. melanoscela. Subsequently, two isogenic lines were established from an ichneumonid parasitoid, Hyposoter fugitivus. It should be noted that the lines used in this study are isogenic only for particular DNA bands/circles; additional DNA polymorphisms were commonly observed.
The experimental rationale is introduced schematically in Fig. 1 . In this diagram two isogenic parental lines (P1 and PD belonging to the same parasitoid species are shown; these differ in having readily distinguishable DNA circles of different Mr. The following assumptions were made; both circles are present in the tissues of both male and female parasitoids, and each circle may exist both in chromosomally integrated and extrachromosomal form. Here, for convenience, the two circles are shown integrated at different positions on a pair of otherwise homologous chromosomes. We have preliminary evidence to the effect that chromosomal forms of polydnavirus DNA exist in the case of both H.fugitivus ( Fig. 2) and C. melanoscela (unpublished data); evidence for extrachromosomal viral DNA has previously been provided (Stoltz et al., 1986) . It is also assumed that extrachromosomal DNAs (where present) are maintained at moderate copy number, such that each circle would always be found in every cell, and that segregation of extrachromosomal DNA (if any) in germ tissue occurs entirely at random during meiosis. Two different groups of parasitoids were examined: F~ progeny from matings involving different isogenic parental stocks (to confirm that DNA polymorphisms present in parents are always transmitted to the F~ generation), and BC~ progeny from matings in which F1 females were back-crossed to males from a parental line. It was reasoned that if extrachromosomal DNA was present, and in moderate copy number, then viral DNA profiles from all back-cross progeny should be identical, containing both of the circles shown (assuming further that extrachromosomal DNA, if present, can be amplified and encapsidated during viral replication). This scenario, including predicted electropherotypes (viral DNA profiles), is depicted in Fig. 1 (hypothesis a). Electropherotypes expected from an alternative scheme, in which the nature of encapsidated viral DNA is determined only by chromosomally integrated DNA, are indicated in the same figure (hypothesis b).
Procedures used for rearing insects, DNA isolation, gel electrophoresis and blotting were as described previously (Stoltz et al., 1986) .
Results and Discussion
HindlII electropherotypes distinguishing the C. melanoscela lines used in this study are shown in Fig. 3 . In a typical experiment a Ct-1 female ($) was crossed with a Tr-9 male (~), giving rise to F1 progeny, which were subsequently back-crossed to Tr-9 males. As can be seen (Fig. 4) Lanes I and 2, undigested; lanes 3 and 4, EcoRI-digested; lanes 5 and 6, BamHI-digested. SH K has a single EcoRI site, so that detection of four off-size fragments may be indicative of two integration sites for this circle. On the other hand, there is no BamHI site and again the presence of two off-size fragments is suggestive of two integration sites. Note that extrachromosomal equivalents of the superhelical (SH) and relaxed circular (RC) forms of viral DNA are seen in all of the male genomic DNA lanes. Off-size fragments in the case of digested DNA samples are indicated (.). HfV SH K (4.54 kbp) has been cloned in its entirety into the EcoRI site of the vector plasmid pTZ19R; the insert alone was used as probe.
lines. I n a d d i t i o n a l crosses i n v o l v i n g s e v e r a l d i f f e r e n t p a r e n t a l lines ( T a b l e 1 a n d Fig. 5 ), F1 e l e c t r o p h e r o t y p e s a l w a y s r e p r e s e n t e d a c o m p o s i t e o f t h e t w o p a r e n t a l lines. B a c k -c r o s s e l e c t r o p h e r o t y p e s , w i t h o u t e x c e p t i o n , w e r e e i t h e r i n d i s t i n g u i s h a b l e f r o m t h e F~ p a t t e r n , or else Fig. 4 and 5 lie between the two bars; the parasitoid strains used here are isogenic for these restriction fragment length polymorphisms (but not necessarily for others). Lanes 1 to 3 illustrate, respectively, DNA from parental strains Ct-1, Ko-4 and Tr-9. Note that Ct-I band D is present in a non-equimolar amount, relative to bands C and E. Molecular sizes for Ct-1 bands A to D were estimated as 35.4, 17.5, 13-4 and 9-0 kbp, respectively. All parasitoids were reared from gypsy moth (Lyrnantria dispar) larvae. resembled the male parent to which F1 females had been back-crossed; the two BC1 progeny types were always present in approximately equal numbers. Thus the data obtained were supportive of hypothesis (b). Indeed, in 41 different back-crossing experiments, in which viral DNA from a total of 438 BC1 progeny were examined (Table 1) , no exception to hypothesis (b) was ever observed. Following the commencement of our work with C.
melanoscela, a polymorphism was discovered in a polydnavirus from the ichneumonid parasitoid, H. 
fugitivus. This polymorphism was visible only after
Southern blot hybridization and involved cross-hybridizing sequences situated on three D N A circles, each having a different molecular size (2.4, 2.7 and 3.5 kb).
The probe used was a 3.8 kb EcoRI insert (of unknown origin within the viral genome) derived from an early . The remaining lanes (3 to 10) represent progeny derived from an F~ female back-crossed to an Sc male. As observed for the braconid polydnavirus system, only two classes of back-cross progeny were obtained; in tb_is case five (lanes 5 to 8 and 10) resemble the F 1 parent and three others (lanes 3, 4 and 9) exhibit the Sc electropherotype. The original gel of undigested viral DNA samples (not shown) was blotted onto nitrocellulose using standard procedures and probed with a 32p_ labelled 3.8 kb EcoRI insert from a partial H. fugitivus viral DNA library. Molecular sizes (in kb) for the DNA superhelices making up the polymorphisms examined here are indicated. Note that both superhelical (SH) and relaxed circular (RC) forms of each molecule are present.
shotgun cloning experiment carried out by P. J. Krell (University of Guelph). Isogenic lines (Sc and Md) were subsequently established from a field-collected population of parasitized Schizura coneinna larvae and from a laboratory colony routinely reared from the tent caterpillar, Malacosoma disstria. Each parental line carried the 2.4 kb circle and one other. Sc wasps carried the 3.5 kb circle, whereas the Md line carried the 2.7 kb circle. Virgin Sc females were mated with individual Md males and then F~ (Sc ~ × Md ~) progeny females were in turn mated wth Sc males. F1 female progeny invariably carried all three viral D N A circles (Fig. 6 ). Back-cross female progeny were individually analysed by Southern blot hybridization. Whereas the data so far obtained are limited in the sense that relatively few back-cross progeny have as yet been examined, the results obtained are nevertheless entirely in accord with those derived from the C. melanoseela system; i.e. back-cross progeny were invariably of two types, resembling either the F1 parent or the Sc parasitoid line to which F~ females were back-crossed, and the two classes of progeny were present in equivalent numbers. To date, progeny from eight different F1 (Sc ? × Md ~) H. fugitivus females back-crossed to Sc males have been analysed; a typical blot is illustrated in Fig. 6 . Of the 52 back-cross progeny so far examined 27 resembled the F1 parent; the other 25 were indistinguishable from the D N A profile characteristic of the Sc line, the source of the male parent used for back-crossing. Again, the prediction embodied in hypothesis (b) appears to have been fulfilled. Whereas extrachromosomal polydnavirus is known to exist in the case of every parasitoid species that has been examined in any detail (Fleming & Summers, 1986; Stoltz et al., 1986) , observations made during the course of the present study argue against participation of this D N A in the productive transmission of polydnavirus genomes. If these D N A molecules are present in moderate to high copy number and are competent in terms of serving as templates for viral replication, then one should expect that all BC1 progeny examined should carry all D N A species present in F1 individuals. To the contrary, only about half of all BC~ progeny exhibited an F~ electropherotype; in fact, the approximate 1:1 ratio obtained (see figures and Table 1 ) is precisely that predicted from a Mendelian (chromosomal) transmission mode. On the other hand, results similar to those reported here could possibly have been generated by transmission of extrachromosomal D N A present in low copy number, such that, to take the example of Fig. 1 , F~ individuals received only one or two copies of each circle. However, in that case random segregation would predict that some F~ individuals might be lacking either one or more D N A species present in either parental line, but this was never observed. Finally, the fact that isogenic lines can be obtained at all rules out any potentially unreliable transmission mode (such as an involvement of extrachromosomal D N A at low copy number). Since a role for extrachromosomal D N A at moderate to high copy number would also appear to be excluded, at least in theory, the simplest remaining hypothesis is that polydnavirus transmission may be effected solely by chromosomally integrated DNA. It follows that polydnavirus replication in the wasp ovary may depend upon excision/amplification of viral D N A s stably integrated into parasitoid chromosomal DNA. In this regard it is of interest to note that Theilmann & Summers (1986) have observed only putative chromosomal forms of CsV superhelix B in 1 to 2 day old C. sonorensis pupae, just prior to the onset of viral replication in the ovary.
Present observations argue in favour of a chromosomal location for polydnavirus genomes, but they do not address the question of how many loci exist, or where they might be found within the parasitoid genome. Thus, viral D N A could be located at one or more sites and on one or more chromosomes. In theory these various possibilities could be distinguished by genetic means. However, a more direct approach might be to address this issue by in situ hybridization and, given an apparently large size for some polydnavirus genomes (e.g. >300kbp estimated for C. melanoscela; unpublished data), it should at least be possible to determine whether this DNA is concentrated or scattered throughout the parasitoid chromosome complement.
The present study leaves unanswered several questions relating to the origin, fate and function of extrachromosomal polydnavirus DNA, particularly in non-germ line parasitoid tissue. One possibility is that extrachromosomal DNA originates as a consequence of low-level amplification and excision of integrated viral DNA, and performs no necessary function in parasitoid tissue. Further speculation might suggest that such DNA is either not synthesized in germ tissue, or else is in some manner eliminated during meiosis (in essence, hypothesis b of Fig. 1) . A simpler explanation would be that extrachromosomal DNA is, in fact, incapable of participating in viral replication, thus extrachromosomal DNA could well be transmitted within germ cells, but still play no productive role in determining the physical structure of the encapsidated polydnavirus genome. Only integrated DNA would then serve as a template for viral DNA replication and subsequent encapsidation.
Extrachromosomal DNA is of course also present in parasitized host larvae, where it originates as a consequence of the uncoating of viral particles injected during oviposition. This DNA is transcriptionally active (Fleming et al., 1983; Blissard etal., 1986 Blissard etal., , 1989 Theilmann & Summers, 1988; Stoltz et al., 1988) and its presence appears necessary for successful parasitism (Stoltz & Guzo, 1986; Guzo & Stoltz, 1987) .
